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Abstract

When a partly-polished optical flat was placed tuce downwards on a standard flat,
and illuminated by a small bright white-light source, the pattern corresponding to the
colours of thick plates was observed encompassing the tmage of the source. When the
top surface of the standard flat was alumml?ed the pattern was much more intensc.
A new phenomenon occurred when the pair of plateb was illuminated by light from a
niercury lamp whicli passcd through a narrow slit, the single pattern giving place 1o
{wo separate patterns, whose intersections gave the locus of the pattern observed with
white light. When the scattering surface was madc semi-reflecting, the double set of
patterns became sharper, one sct being localized in the plane of the scattering surface,
the other in planes eorresponding to the position of the Newton ring pattern formed
by multiple reflections. Various experiments arc described for studymg these patterns.
It is concluded that all three systems of fringes are produced by multiple reflections
between the two reflecting surfaces, the assumption of Stokes that the colours of thick
plates could only be produced by light passing and repassing the same particle being
unnecessary. It is considered that the pattern corresponding to the colours of thick
plates is produced by the summation of the intensitics of the light from a pair of
separate patterns of the simpler Newton ring type, one set being produced by light
scattered by the top surface and then suﬁ'ermcr multiple rcflections betwaen the surfaces
before reaching the observer, the other set bemg produced by light from the source
suffering multlple reflections between the plates, and finally bemg scattered hy the
scattering centres.

Introduction

When a partly-polished optical flat was placed on a standard flat and
tlluminated by an clectric lamp, it was noticed that an interference pattern
wlnch differed from the wusual Newton ring pattern was observed
surrounding the image of the source. It was also observed that when a
bright mercury lamp was used the pattern was resolvable into two systems
of fringes of the Newton ring type, the intersections of which produced a
pattern similar to the first pattern observed. The double set of interference
patterns was sharper and more easily observed when the scattering surface
was also made semi-reflecting.

A scarch of the literature revealed that Newton, Young, Stokes, and
others had heen interested in interference patterns produced by surfaces
capable of scattering light, a phenomenon often discussed under the title
“The colours of thick pates.”  So daroas the author is aware, the mir of
patterns observed when a monochromatic light source was used has not
previously been recorded. The theory suggested to explain these latter
patterns lead to a more general mnterpretation of the theory of the colours
of thick plates, so it is proposed to summarize the conclusions reached by
some of the previous workers, to describe the experiments that were carried
out to obtain the additional system of {ringes, and to discuss an explanation
for them and for the colours of thick plates.
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Earlier Experimental Work on the Colours of Thick Plates

Newton (1) in the fourth part of his second book of Optics described
the following experiment. A white opaque card, pierced with a small hole,
was placed at right angles to the optic axis of a concave glass mirror which
had been quick-silvered at the back. The hole was at the centre of curvature
of the mirror and the apparatus was arranged so that sunlight passing
through a hole in a window shutter of a darkened room passed also through
the hole in the opaque card and fcll perpendicularly on to the mirror. A
set of coloured rings was observed on the card encompassing the hole,
and Newton attributed them to light scattered on entering the glass and
then regularly reflected and refracted. He applied his theory of fits 1o
account for the fringes.

In 1755 The Duke of Chaulnes (2) produced similar fringes by
substituting in place of the glass mirror a metallic speculum in front of
which he placed a plate of tarnished mica. The distance between the
scattering surface and the reflecting surface could be readily varied, and
lie observed the variation in the diameter of the fringes with the distance
between the surfaces. He also found that the brilliancy of the fringes
produced by Newton’s method was increased by breathing on the glass
or by spreading over the surface a small quantity of milk and water, which
on drying produced a good light scattering surface.

Quetelet (3) described a set of coloured bands that had been observed
by Whewell when the image of a candle held near the eye was viewed by
reflection in a plane mirror of silvered glass placed at a distance of some
feet. Whewell and Quctelet found that it was an essential condition of
success that the surface was not perfectly bright and to ensure the pro-
duction of bands it was sufficient to breathe gently on the front surface
of a cool mirror. Instead of vapour, which soon evaporated, Quetelet
recommended a tarnish of grease.

Young (4), Herschel (5) and Stokes (6) applied the wave theory to
account for the fringes observed by Newton. They assumcd that one
stream of light was reflected by the mirror and then scattered at the surface,
another stream was scattcred at the surface and then reflected hy the mirror.
If the two portions of scattered light coincided in direction they were
capable of interfering, bright bands ocairring when the retardation of the
two beams was an intcgral number of wave lengths. Stokes came to the
conclusion that in order for the two streams of scattered light to Dbe capable
of interfering it was necessary that they should le scattered, in passing
and repassing, by thc same set of particles.

The experiments which will be described later using monachromatic
light show that it is possible to observe two systems of fringes. One set
is produced by light scattered at one surface and then reflected : the other
by light reflected between the plates and finally scattered. The intersections
of these two patterns give the positions of the interference pattern studied
under the title of the colours of thick plates.

The explanation for the double set of fringes observed wlen using
monochromatic line also accounts for the single system that is observed
with white light and this will be discussed later in this report.

Hxperimental Investigation

If one surface of a glass plate, capable of scattering, transmitting and
reflecting light, is placed close to another surface which is capable of
reflecting light, one might anticipate that there would be two ways in which
an interference pattern could be produced. Counsider Fig. 1(a) which
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represents two glass plates separated by a layer of air. If surface A s
capable of transmitting reflecting and scattermg light, and surface B of
reflecting light, an interference pattern would be observed by reflected
light interfering with transmitted light, the final beam being scattered by C.
Scattering centre C will be bright when viewed from any direction
provided. that

(n, +3)a=2dcos@ ........ ... .. ..., 1.

where 6 is the angle of incidence of the light, n, an integer, and X 1s the
wavelength of the light employed.
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Fra. 1.—(a) Production of Sct 1 pattern.
(#) Production of Set 2 pattern.

The system of fringes represented by formula (1) will be designated
as Set 1 in this discussion.

The other system of fringes, which we shall call Sct 2, is due to the
interference of light that has been scattered from a scattering centre (7
and reflected by multiple reflections from the adjacent surfaces of the glass
plates (see Iig. 1(0)). Constructive interference occurs when observed at
an angle g, provided

(n, + DA =2dcos g .................... 2.

n, an integer.

(Set 2 pattern could also be produced by scattering centres on the top
surface of the top plate.) The angle of incidence of the light will have
no effect on this set of interference fringes other than to vary its brightness.

It was found possible to clearly observe the two scts of interference
patterns corresponding to Set 1 into Set 2, using the cxperimental
arrangement of fig. 2.
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Fi16. 2.—Experimental arrangement for studying Set 1 and Set 2 interference patterns.



72 V.D. Hopper:

For this experiment the two plates were optical flats about four inches
n diameter, The lower surface of the top plate was made semi-reflecting
(half aluminized), the top surface of the lower plate heing refleeting (fully
aluminized). The scattering points were scratehes on the semi-aluminized
surface, or were simply produced by spreading a thin smear of oil over
the surface with a finger. The surface containing the seattering points
was then placed parallel to the rcflecting surface of the bottom plate. The
flats were plaeed on the table and illuminated by a mercury lamp. The
light from the source passed through a narrow slit (about 2 mm. wide )
in a large black card, and the plates were arranged so that the scratehed
lincs or smears of oil were normal to the direetion of the tight. On
observing the reflected image at O it was observed that a double set of
interference fringe patterns was visible, the one corresponding to Set 1
fringe pattern being localized in the plane of the surface of the half
aluminized plate, whereas the other pattern (Set 2) was localized in a
curved surface close to the seattering surfaee. ~This latter pattern
corresponds to the position of the Newton ring pattern formed by multiple
reflections, as given by Teussner (7) and discussed by Tolansky (8). (The
double Newton ring pattern due to polarization observed by Tolansky is
not resolvable under these conditions.) When one of the glass surfaces
used in this experiment was slightly convex, the resuHant ring patiern
for Set 2 was localized in a regular curve one half before and one half
behind the glass surfaces. For an air film the apparent distance D of
the fringe from the surface of the platcs is given by

d sin g

o

D =

where d is the separation of the plates at the point where the reflection
cf the light which produces the fringes oecurs, « is the angle between
the surfaces of the two plates at this point, and g the angle of reflection
of the light. [igure 3 illustrates the apparent location of the fringes
observed at an angle ¢ to the normal.
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I16. 3.—T'igure illustratng apparent location of fringes for a spherfcal surface with
muitiple reflections.

On studying the interference patterns produced, cach set could be
readily distingnished.  \When the observer moved, Set 2 pattern moved in
the same manner as the usual Newton ring pattern, whereas Set 1 remained
stationary relative to the plate. This confirms the interpretation that has
been given.
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Owing to the different location of the two sets of fringes produced
m this manner it was difficult to obtain a clear photograph showing both
sets together. Plate IIl. fig. 1 gives the general effect of the combination
of the two patterns. The plates had been tilted so as to form a wedge
angle, the two sets of fringes being then approximately straight lines
mclined at slightly different angles. The intersection of these systems is
clearly seen as bright and dark bands running across the photograph and
these will be discussed later.

The double set of interference patterns could also be observed when
the top surface was not made semi-reflecting. The patterns were then not
as sharp, the effect of half aluminizing the top plate being to increase the
resolution of the fringes. The double system of fringes could not be
observed when white light was used and this would account for the fact
that they had not been observed by the workers mecntioned earlier in
this report.

A confirmation of the above interpretation of this double set of fringes
was obtained by means of the following simple experiment.
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Fie. 4.—Frosted plate at M, produces pattern similar to Set 1.
Frosted plate at B, produces pattern similar to Set 2.
Filtered mercury green light with polareid used.

Omne surface of an optical flat was made semi-reflecting and this was
placed close to the surface of another flat, that surface being a good
reflector (fully aluminized). The surfaces were illuminated as in the
earlier experiment, the observer being at O. A lightly frosted plate was
placed at M, (fig. 4) and an interference pattern was observed on the
plate. This pattern corresponded to the Set 1 system of fringes. It was
slightly enlarged owing to the distance of M, from the reflecting surfaces.
This pattern did not alter when the observer moved, although it changed
when the position of the source was altered. When the frosted plate
was moved from M, and placed at M, the pattern corresponding to, Set 2
was observed. (In taking these photographs a polaroid plate was placed
before the lens of the camera and rotated uatil a sharp interference pattern
was visible. In this way the doublet system produced by the differential
polarization phase change on reflection at a metallic surface is reduced to
a single sharp system.) The shape of this pattern varied with the position
of the observer but not with the position of the source. These two patterns
corresponding to the frosted plate at M, and M, usually appeared distinctly
different, and a typical example of such a pair of patterns is shown in
Plate TII. fig. 2. With the plate at M, the pattern was circular, a single,
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nterference colour practically covering the diameter of the plate, whereas
with the plate at M, the line pattern was observed. Since the pattern with
the frosted plate at M, corresponded exactly with the Set 2 pattern produce
by scattered light at the surface of the plate one can infer that the interpre-
tation given in fig. 1 (b) {or Sct 2 pattern is correct. For the frosted plate
placed at M, and using surfaces f[ree from scattering centres, fig. 1(0)
could he modified slightly to interpret this result. Scattering centre €’
would Dbe placed above the top plate at a position corresponding to the
frosted plate. A ray from this point making an angle of incidence of ¢
to the normal would produce a set of rays similar to those shown from

scattering centre 7 in fig. 1(£).  The condition for mterfercnce maxima
would be given by
(ny, Fe)d=2dcosg ........ooiiiin... 4.

where ¢ rcpresents the phase change at reflection from the surfaces. To
simplify the discussion we will consider glass surfaces that are not
aluminized giving ¢, equal to J. That is, equation (4) becomes

2

(ny+3)A=2dcosp ....... ... ... ..... 5.

If the interpretation for Set 2 pattern had been modified by omitting the
ray that is scattered back into the glass from C’ towards the observer
(hg. 1(b)), a system of fringes would be expected corresponding to

MpA=2dcosg ...... .. ... 6.

assuming again that thc surfaces were not aluminized. This formula
corresponds to the transmission interference fringe pattern for two parallel
plates and it is noticed that it would be displaced one hali fringe relative
to a system corresponding to equation (5). The ratio of the intensities
of the maxima and minima corresponding to equation (6) would be less
than for equation (5), the theory being similar to that of patterns corre-
sponding to transmitted and reflected Newton Ring patterns. This
displacement of one half fringe between the pattern observed with the
frosted plate at M, compared with the pattern correspouding to Set 2 is
not observed either when the plates are aluminized or when the aluminium
layers-are removed. We imay thus infer that the first ray scattered from C’
back into the glass and thence to the observer is necessary in the interpre-
lation of the Set 2 pattern. Tt is also assumied that the ray in fig. 1 (a)
which reaches the scattering centre C without a previous reflection and is
scattered to the observer is required in the interpretation of Set 1 pattern.
The study of the colours of thick plates confirms this assumption as will
be shown later.

Tre Cornours or Triek ILATES.

When, with the experimental arrangement shown in fig. 1, a white
light source was used in place of the mercury lamp, a coloured line pattern
was observed corresponding to the intersections of the two systems discussed
above. When the plates were parallel, the lines were straight and approxi-
mately symmetrical about the reflected image. When one plate was tilted
so that a wedge of air was formed, the distances between the lines was
greatest where the air separation was least. With this experimental
arrangement it was found difficult to oblain clear photographs of this
pattern. so another method was used. A pair of plates of suitable size
was inserfed in place of the prism in a constant deviation spectrometer
which had been adjusted for parallel light. One surface of one of the
plates was aluminized, and one surface of the other plate carried scratches.




Interference Fringes Produced by Scattering and Reflection. 75

These scratches had been produced by sliding the plate over a sheet of fine
emery polishing paper, the motion of the plate being maintained parallel
to one edge of the plate. These surfaces werc set parallel and close to
each other, small picces of plasticene being used to separate them. The
scratches were arranged so that they were normal to the direction of the
incident light.  With the arrangement shown in fig. 5(a) the angles of
incidence and emergence are approximately 45 degrees.  With the
arrangement of fig. 5 (&) the angles of incidence and emergence are very
simall, the separation of the lines for the same distance hetween the surfaces
of the glass plate heing much greater. .\ photograph of the pattern was
taken using the arrangement of hg. 5(¢) and is shown in Plate 111, fig. 3
A mercury lamp and green filter had been substituted in place of the white
light source, but it will be noticed that even using monochromatic light
the lines are diffuse and in the form of broad bands.
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Fic. 5.—(a) Experimental arrangement for observing difiraction pattern where separation of
plates is small; § and ¢ _Ry 7/4,
(b) Experimental arrangement for larger separation of plates; # and q5 A 0o,

When the lines were ruled al varying distances apart with a ruling
engine, so as to maintain constant the depth of the scratched lines, the
broad band effect was still evident. A similar pattern was observed when
parallel lines were scratched on one surface of a glass plate, the other
surface of which was aluminized. These patterns correspond to those
previously studied under the title ol “ The Colours of thick plates.”

There are two ways in which we may interpret the production of these
fringes. The first follows the lines suggested by the earlier workers.
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Fic. 6.—Explanation of colours of thick plates, using assumption of Stokes (a) al:r film.
) single plate.

Let C (fig. 6(a)) be one of the lines of the lower surface of the top
plate and d the distance between the plates. According to Young and
Stokes it would be "possible for ray A” A B C C” F to interfere with ray
G ¢ C D E E”. Both rays have been reflected from the bottom plate
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and scattered by the same scattering centre C. Provided we neglect the
differential phase change for different angles of reflection, the optical path
difference or retardation is

(AB 4+ BC + C”’F) — (GC" 4+ CD + DE) — 2d (cos 6§ — cos g).

Thus interference maxima will occur at angles corresponding to

—

nA=2d (cos 0—cos@).................... 7.

where n is an integer.

It is interesting to compare equation (4) with that for the diffraction
grating namely nA =d, (sin§ — sin ¢) where d, is the distance between the
1 , grazing incidence spectla for the grating corresponds
to normal 1nc1dente spectra for the above.

The dispersive power of the system is represented by dg /d\=
n/2dsing. For small angles of g, d¢/dr becomes large, which accounts
for the increased dlspersmn using the experimental arrangement shown in
fig. 5(b) over that shown in fig. 5(a).

When the parallel lines are scratched on one surface of a glass plate,
the other surface of which is aluminized, the paths of the rays is given
mn hg. 6(b). Here

nN =2d (cos @ —cosg’) . 8.

where A is the wave length of the light in glass, 8” and ¢’ the angles to
the normal in glass. This would correspond to the arrangement studied
by Whewell and Quetelet,

An alternative suggestion would be for two interfcrence patterns
to be produced separately as given earlier. Fig. 7 is drawn to illustrate
this possibility, the full lines representing the production of one system
(Set 1) and the broken lines the other system (Set 2).

For Set 1 system, ie. light reflected betwcen the plates and then
scattered by C, we have, assuming glass surfaces

(0, +3)a=2dcos0 .................... 1.
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Fic. 7.—Alternative explanation of colours of thick plates.
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and for Set Z pattern, corresponding to light scattered by C’ and then
reflccted between the plates,

(ng+PHA=2dcosg .................... 2.

The intersections of these two systems will be given by
(n, —1n,)A = 2d (cos § — cos ¢) and
when n=mn; —n, ‘
n\ = 2d (cos § — cos ¢)

and this agrees with equation (7). It will be noticed that it is possible
for the same scattering centre to produce both sets of patterns (Set 1 and
Set 2), i.e. for C and C’ (fig. 7) to coincide, and this will cover the original
explanation of the production of the fringes if we neglect the possibility
of several reflections before and after scattering. We may therefore
conclude that the second explanation is a more general one and accounts
for the various types of interference patterns produced by scattcring and
reflection.

It was shown earlier that by comparing the pattern corresponding to
Set 2 with a pattern observed when a frosted plate was placed at M,
(fig. 4), that a ray directly scattered from C’ was necessary to explain
the Set 2 pattcrn. The equation for this pattern was shown to correspond
to that of equation (2) above. Since equation (7) for the colours of
thick plates correspond to the intersection of the two patterns Set 1 and
Set 2 we may, assuming equations (2) and (7), deduce the equation for
Set 1. It is found that this corresponds to equation (1). To interpret
this equation it is necessary to assume the interference of the rays given
in fig. 1(e), one ray from the source reaches C withont suffering reflections
between the plates and is then scattered, whilst other rays are reflected
between the plates before being scattered towards the obsetver.

Stokes affirmed that the pattern corresponding to the colours of thick
plates could only be produced by light passing and repassing the same
particle. He reached this conclusion as he was unable to observe the
coloured pattern when he viewed a luminous point through a plate of glass
both surfaces of which possessed scattering centres. An alternative
explanation of his result would bc that since neither surfaces contained a
reflecting layer the intensity of the patterns produced would be low, and
the resultant interference pattern difficult to see. The two patterns would
also be produced similar to the manner of transmission Newton Ring
patterns and for glass surfaces, that have not been made semi-reflecting,
these have not the contrast of reflected interference patterns. The coloured
pattern corresponding to the colours of thick plates for a white light source
has nevertheless been observed by the author on viewing a distant lamp
through a glass plate, one or hoth surfaces of which carries light scratches.
A simple way of observing the pattern is to view at night time a distant
lamp through a window of a railway carriage. These windows are usually
scratched, particularly near the edges, the lines there being reasonably
parallel. It is necessary for one surface only to possess the scattering
centres, and the interpretation of multiple reflections given ahove can le
simply modified to apply to this case. The pattern can be more clearly
seen when the surface of the glass plate is at an angle to the direction of
the light, the intensity of the reflected light being then greater than for
reflections of normal incident light. The pattern is even more easily
ohserved when a source is viewed through two nearly parallel surfaces
that have deposited on them a light semi-reflecting layer, one of which
has also been made capable of scattering light. .
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Conclusion

In concluding it may be stated that by using a source that provides line
spectra in place of continuous spectra, for example a mercury lamp in
place of sunlight, the study of the colours of thick plates has been made
more complete. Two additional sets of interference patterns have been
observed and the interpretation of these has suggested a different interpre-
tation from that given previously for the colours of thick plates. To
account for the additional sects of interference patterns observed it is
necessary to assume several reflections between the two surfaces of glass
and the experiments described in this paper have shown that by increasing
the number of reflections the resolution of these patterns has been incrcased.
It was ohserved that the locus of the intersections of these two patterns
gives the system previously described under the tle of the colours of
thick plates. Stokes concluded that it was necessary for two rays to be
scattered by the same scattering element in order to account for the pattern
observed by Newton, His reason for this conclusion has been discussed
and it is shown that an alternative suggestion satisfactorily fits in with the
experimental results. It is proposed that the colours of thick plates can
be explained as the summation of a pair of patterns of a simpler Newton
ring type, which are produced independently, the assumption of Stokes
given above bemg nnnecessary.

Explanation of Plate

Fic. 1.—Photograph showing tke cembination of the two interference patterns to produce the
line pattern.

Fic. 2(a).—Frosted plate at M, (lig. 4).
Fre. 2(b).—Frosted plate at M, (TFig. 4).

Frg. 3.—Photograph of pattern obtained using arrangement of apparatus as in Fig, 5(a). Separation
of plates about 10 u.
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